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1. Introduction/Background

Carbon nanotubes (CNTSs) have received a lot of recognition as a potentially revolutionary
component for future devices, based on their attractive material and electric properties. One
device fabricated with CNTSs that has been highly examined is the carbon nanotube field-effect
transistor (CNTFET), comprised of single-wall CNTs (SWCNTS) as the active element between
two metal source and drain contacts. Even though there are many advantages to the CNTFET,
such as size, high sub-threshold slope, and low power consumption, the device still has its
drawbacks—nhysteresis and high threshold voltage, for example. The goal of this project is to
investigate the effects of CNTFET device architectures on transistor performance as opposed to
the effects of the CNT chirality (the orientation of the carbon atom lattice in the nanotube) (1).
This involves CNTFET fabrication with different gate oxide materials and thicknesses, and
alternative source-drain contact metallization layers, as well as experimenting with top-gated
versus back-gated architectures.

2. Experiment/Calculations

2.1 CNT Growth and Deposition

2.1.1 CVD Growth

Carbon nanotubes were grown on the following substrates via chemical vapor deposition (CVD):
5000 A silicon dioxide (SiO5), 1300 A SiO,, and 40 A aluminum oxide (Al,03)/5000 A SiO», all
on n++ doped silicon substrates. The CNT growths occurred at 875 °C with a flow of hydrogen,
methane, and ethylene gases for 20 min after a 20-min anneal at temperature in argon. Prior to
growth, a catalyst was deposited randomly by dipping the substrates in an 80 ug/mL ferric nitrate
and isopropanol solution. For the SiO; substrates, growth on most of the samples consisted of
randomly dispersed SWCNTSs 0.5 to 10 microns long. However, there were some interesting
exceptions. On a 1300 A SiO; substrate, an anomalously long SWCNT in excess of 75 um was
discovered (figure 1 a and b). While extremely long SWCNTSs have been grown by others using
a water-assisted “super growth” technigue (2), we have not attempted that here. On another SiO,
(3000 A) substrate there were concentrated meshes of CNTs around the borders of the sample
(figure 2a). The latter was probably due to the IPA\catalyst solution beading up around the edges
of the substrate when it was dried with nitrogen. There was also some multi-walled CNT growth
noted by their larger diameters, 3D conformations, and different charging characteristics, mixed
in with the single-walled CNTs (figure 2b).



Figure 1. a) Multiple SEM images stiched together of an extremely long SWCNT and b) zoomed out
picture of the SWCNT better displaying its actual length.

For the Al,O3 sample, barely any CNTs were discovered (figure2c). However there were
problems with the oxide layer’s lack of charging during the SEM process which we rely on to
visualize the CNTs and evaluate growth. Multiple accelerating voltages were tried in an attempt
to overcome this problem. A higher magnification image of the oxide showed a nanoparticulate
composition (figure 2d). The lack of charging would explain why no CNTs were visible in an
SEM image. However, the aluminum oxide layer could also be unsuitable for CNT growth. Few



CNTFETS resulted from the growth on Al,Os, likely due to poor growth yields, and when
electrically characterized they were metallic in nature. It is unclear if the aluminum oxide is
smooth enough to image any CNTs using AFM.

Figure 2. a) Meshes of CNTs on the edge of a substrate, b) multiwalled CNTs mixed in with SWCNTSs,
¢) aluminum oxide substrate with no CNTSs visible, and d) high magnification image of nanoparticular
aluminum oxide.

2.1.2 CNT Solution Deposition

An alternative method for dispersing CNTs on a substrate is spin-coating samples with a CNT
solution. We carried this process out for CNT depositions on 6000 A SiO,/n++ doped silicon
substrates that were later cut into multiple die. This insured that when we compared different
contact metals or suspended versus supported CNTs, CNT dispersal was relatively similar
between the two samples so the differences noted in performance could be attributed solely to
architecture. Another sample with parylene as the oxide material was spin-coated with CNTs for
further comparison.



2.2 Device Processing

2.2.1 Back-gated CNTFETSs with Differing Gate Oxides

For this experiment, we processed 5000 A SiO,, 1300 A SiO,, and 40 A Al,04/5000 A SiO; on
n++ doped silicon substrates using the CVD growth process. We processed two other samples
using solution spun CNTs on a 6000 A SiO,/n++ doped silicon substrate, as well as a silicon
substrate coated in parylene. These samples were made using varying gate dielectric thickness,
and materials are used to investigate the effects of the gate dielectric on device noise and
hysteresis. For the CVD growth samples, source and drain contacts were patterned using
conventional photolithography and metal deposition via e-beam evaporation. Liftoff was
performed using a heated bath of Microchem Remover PG. The contacts were 2500 A gold with
a 25 A chrome adhesion layer. The device substrate is used as a common gate so there was no
gate patterning. For the parylene and 6000 A SiO, samples, source and drain contacts were
patterned with smaller 2 um gaps using an image reversal process possible with AZ5214E
photoresist. This insured reliable liftoff for fine features because the reverse image process
results in a negative sidewall profile in the photoresist. Contacts for these devices were
comprised of 2000 A gold with a 100 A titanium adhesion layer. Metal layers for both CVD
grown and spin-coated CNT samples were deposited via e-beam evaporation.

2.2.2 Back-gated CNTFETSs with Differing Contact Metallizations

Different contact metallizations were used to investigate how they affect the contact resistance
and Is max- Again using the image reversal process with AZ 5214E resist, two different die
consisting of 6000 A SiO, on n++ doped silicon were patterned for source drain contact
metallization. The two die were cut from a single CNT solution deposition so CNT dispersal was
relatively similar on both samples. Two metallizations were carried out using e-beam
evaporation. The first metallization was 2000 A gold with a 100 A chrome adhesion layer and
the other was 2000 A of palladium without an adhesion layer.

2.2.3 Top-gated CNTFETS

Top-gated FETs were fabricated to investigate the gate control and hysteresis that would result
from this architecture. Source and drain contacts were patterned consisting of 2500 A gold on top
of a 25 A chrome adhesion layer. Interdigitated gate electrodes were then patterned in
photoresist. 19 A of aluminum was deposited and allowed to form a native oxide, by exposure to
air, of approximately 40 A. Then a 2500 A gold layer with a 25 A chrome adhesion layer was
deposited overtop of this. Liftoff was carried out using a heated bath of Microchem Remover

PG. After these processing steps, we examined the devices with scanning electron microscopy.
We noticed unwanted CNTSs that were contributing to the source and drain currents but were not
affected by the patterned gates (figure 3a). A mask was made to selectively protect the CNTs that
were underneath the aluminum oxide gates with a layer of photoresist (figure 3b). After the resist
was patterned, the sample was subjected to an oxygen plasma to remove the unwanted CNTSs.



Figure 3. a) Top-gated CNTFETS, with interdigitated source/drain (lower) and gate (upper) electrodes; the
source/drain gaps have unwanted CNTs, which are not overlapped by the gate. b) Optical microscope
image of patterned resist for the selected removal of CNTSs that are outside of the electrode overlap
area.

2.2.4 Suspended CNTFETS

In an attempt to remove any gate dielectric effects, we fabricated suspended nanotube FETs. For
two samples, metal source and drain electrodes were interdigitated to provide narrower source
drain gaps between 1 and 2 um (figure 4). On one sample, a vapor phase hydrofluoric acid (HF)
etch was carried out to remove some of the 5000 A SiO, gate oxide that was underneath the
CNTSs. This process effectively removed around 2600 A of SiO,; however, there is some question
as to the degree of the source and drain undercut due to the isotropic nature of this etch. We
suspect the CNTs are at least partially suspended above the oxide, but some may have dropped
down onto the substrate at the center (see figure 5b). It was difficult to tell the degree of
suspension from scanning electron microscopy, as suspended CNTs have no charge difference
with a resting oxide, making it difficult to image suspended CNTs. The CNTSs, however, were
visible due to etch residue left on the CNT by the HF vapors, as shown in figure 4b. Another
sample had the same interdigitation of chrome (Cr)/gold (Au) electrodes; however, instead of a
vapor phase HF etch, a wet buffered oxide etch (BOE) was carried out. After a 3.5-min BOE
etch, the sample was transferred to water to remove any residual HF acid and then transferred to
an isopropanol bath to reduce surface tension when drying, increasing the reliability and yield of
suspended CNTs. It was allowed to air dry after the isopropanol bath. The etch removed
approximately 1400 A of the SiO, oxide layer. The goal of experimenting with this architecture
is to verify whether the hysteresis apparent in back-gated CNTFETS is due to charge traps

in the gate oxide or due to charge trapping by monolayers of water molecules that surround

the CNT (3).
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Figure 4. a) Back-gated CNTFET sample before CNT suspension with a gate oxide etch. b) CNT suspended
between source and drain contacts after vapor phase HF etch.
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Figure 5. Cross sectional drawings of: a) a typical back-gated CNTFET, and b) a suspended CNTFET with fully and
partially suspended tubes shown.

3. Results and Discussion

All devices were characterized with a Keithley 4200-SCS semiconductor characterization tool
with up to three independent probes. The CNTFET source-drain bias applied for all gate voltage
sweeps was 250 mV except where noted. The variations in the CNTFET architectures
investigated here were found to affect many aspects of the devices, such as the Is max, Noise, and
hysteresis.

3.1 Maximum and Minimum Source Current

The main difference we noted between samples with different contact metallizations was the
maximum on-current of the transistor (Is max). Again, one sample had 2000 A gold with a 100 A
chrome adhesion layer, and the other had 2000 A of palladium contacts. The samples with



palladium source-drain contacts appear to have much lower contact resistance than any of the
devices with a chrome adhesion layer. The Pd contact samples had higher Is max When devices
with each metallization were made from pieces of the same CNT coated Si die (identical tube
densities). This is due to the differing work functions of these metals (4, 5). The junction
between the CNT and the contact metal is known to introduce a Schottky barrier, based on the
work function difference between the metal and the CNT (6, 7). CNTs have been shown to have
a work function somewhere around 4.9 eV (8). Chrome has a work function of roughly 4.5 eV,
and palladium has a work function of 5.1 eV. The closer the work functions of the two materials
are, the weaker the resulting Schottky barrier is. Therefore, palladium has less of a barrier height
and a lower contact resistance, making it ideal for higher current CNTFETS.

Annealing, while not affecting the device architecture, is also found to significantly affect Is max.
Initial testing of a high current palladium device before annealing yielded poor results with Is nax
~ 700 nA (figure 6a). After a 15 min hotplate bake at 250 °C, Is max = 20 pA (figure 6b). This
represents a large drop in contact resistance to about 3.5 % of the initial value. Therefore,
annealing, as well as the contact metallization, can affect the contact resistances/ls max.

Is min 1S @another issue completely, and it is important as it relates to the on/off ratio of the device.
Since the CNT solution used to spin on the CNTs was a mixture of metallic and semiconducting
tubes, the resulting transistors would not turn off completely, as shown in figure 6. Because of
the metallic nature of some of the spun-on tubes, Is min = 10 pA. However, it is possible to
transform this mixed metallic-semiconducting CNTFET to a completely semiconducting
CNTFET through a process that selectively burns off metallic carbon nanotubes shown in figure
7 (9). At high positive gate voltages (e.g., +20 V), current only flows through the metallic tubes
because the gate field has the semiconducting CNTs “turned off”. Therefore, multiple source-
drain voltage ramps up to 18 V and back to 0 V were performed while keeping the gate at a bias
of +20 V (figure 7a). Sudden drops in current can be attributed to the burning off of metallic
carbon nanotubes. After this process, the final CNTFET has an ls max = 1pA and a ls min = 5 A,
representing an improvement of the on/off ratio from 2 to 200 (figure 7b). This process provides
a reliable way to create all semiconducting CNTFETSs with reasonable on/off ratios.
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Figure 6. CNTFET after palladium deposition a) before anneal and b) after anneal.
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Figure 7. a) Metallic CNT burnoff process for the palladium CNTFET shown in figure 6. b) Resulting
CNTFET after all conditioning steps.

3.2 Noise

We investigated devices with different oxides for their noise characteristics. Two back-gated
samples were processed to compare the effects the gate oxide type has on device noise. One
sample had a 10 um parylene dielectric layer on an insulating Si wafer (and, therefore, no gate
control), and the other had a standard 0.5 um SiO, dielectric. Both samples were subjected to a
time domain test where the source-drain voltage (Vsq) was held constant at a direct current (DC)
bias of 0.5, 1, or 2 V, and V, was held constant at 0 V. The resulting signal could be modeled
as a constant DC with some type of white noise. This noise may have contributions from

both the intrinsic nature of the CNT, as well as the oxide. Signal-to-noise ratios (SNR) were

calculated based on these measurements for several different devices on both the parylene and
SiO; samples.



The SNR of a parylene device was measured before and after annealing. These results confirmed
earlier suspicions about the positive effects of contact annealing after the metallization step. The
anneal was simply a 15 min bake on a 250 °C hotplate in open air. This step alone improved the
SNR of the device by 7.0 dB (figure 8a). This is either due to driving off any chemical
contamination left on the tube after processing or reducing the contact resistance at the metal-
CNT junction. Another important finding from the analysis of the noise data was the difference
between the SNRs of the parylene and SiO, devices. The average SNR for all parylene devices
tested after annealing them was 13.0 dB. The SiO, samples were subjected to the same anneal
and the average SNR recorded was 17.9 dB (figure 8b). This supports other research showing
that the 1/f noise noted in CNTFETS is critically affected by the oxide (10, 11). This noise is due
to charge traps in the oxide. The trapping and detrapping of carriers in the oxide causes minor
fluctuations in the current noted in these CNTFETS (6, 7).

a) Effect of Annealing on Noise b) Effect of the Dielectric on Noise
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Figure 8. a) Comparison showing SNR increase after an anneal of the CNTFET. b) Comparison showing
SNR higher on average for SiO, devices than for parylene devices.

3.3 Hysteresis

3.3.1 Back-gated CNTFETSs with Differing Gate Oxides

Various approaches have been taken to try to affect device hysteresis. Different oxide
thicknesses, back- versus top-gated devices, and suspended CNT devices were investigated.

For 5000 A SiO, back-gated CNTFETS, there exists a considerable amount of hysteresis.
However, in testing these devices, hysteresis can be minimized by narrowing the gate voltage
(V) range from —20 < V<20 to —10 < V< 10 (figure 9a). This does not by itself distinguish
whether the hysteresis is caused by charge traps in the oxide or from H,O molecule dipoles on
the CNT surface.

The thinner oxide (1300 A Si0,) back-gated devices showed a couple of variations. Most of the
devices had lower currents (figure 9b). This is most likely due to lower CNT growth density on
this sample. (The yield of devices with CNTs bridging the source drain contacts was very low
when examined by SEM.) Most other properties, such as hysteresis and sub-threshold slope,



were comparable to 5000 A SiO, back-gated devices. It should be noted that the gate voltage
range was decreased to produce a gate field similar to the 5000 A gate devices in order to
facilitate a comparison of the device performances.
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Figure 9. a) Comparison showing hysteresis change with reduced gate voltage ranges. b) Example
of a single tube device grown on 1300 A SiO,.

3.3.2 Top-gated CNTFETS

We took many considerations before testing the Al,O3top-gated devices. The gate oxide layer is
approximately 40 A thick, so the gate voltage range needed to be scaled down considerably. If
too much gate voltage is applied, then breakdown of the thin gate oxide could easily occur. The
gate voltage range was scaled down to -700 mV < V< 700 mV with Vyy decreased to 50 mV.
Final source/drain current compliance was set to 10 nA. The results showed almost no visible
signs of hysteresis (figure 10). When the aluminum layer was deposited (to eventually form a
native oxide of Al,QO3), it was done via electron beam evaporation. During the vacuum pump-
down of the evaporator chamber, most of the residual water molecules were removed from the
exposed CNTSs. The deposited top-gates then, in effect, passivated the CNTs from further
exposure to ambient conditions. The photoresist layer used for selective plasma ashing also
served as a passivation layer. This appears to show that reorientation of water molecule dipoles
surrounding the carbon nanotube are responsible for most of the hysteresis appearing in our
CNTFETSs. About 1 nA of gate leakage, resulting from oxide breakdown, was noticed in this
device after a gate bias of 400 mV. The device has an Is max ~ 4.1 nA at a Vof 400 mV.

3.3.3 Suspended CNTFETS

The samples with suspended CNTs were characterized before and after their respective gate
oxide etches. Changes to device hysteresis were noticed for two gate voltage ranges, —20 <V
<20 and —10 < Vy< 10, for the samples that were subjected to a vapor phase HF etch (figure 11).
In both cases, an increase in hysteresis was noted. Sub-threshold slope was relatively unchanged,;
however, there was some shift in threshold voltage. There was also a decrease in Is max, Which
was due to the fact that not all of the tubes originally bridging the source drain gap were intact
after the suspension process. For the samples suspended using a buffered oxide etch, fewer
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devices survived when compared to the vapor phase HF sample; however, an increase in
hysteresis was noticed in the devices that remained. For these samples, more CNT surface area
was exposed to open air than when they were lying directly on an oxide. A consequence of this is
more nanotube exposure to water molecules and contaminants in ambient air, and less of the
tubes are lying on the gate oxide. Therefore, hysteresis in these devices is thought to be most

likely caused by water molecule dipoles (3) or other environmental contaminants than by charge
traps in the gate oxide layers (12).
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Figure 11. a) Comparison before and after vapor phase HF etch on suspension sample for a £20 V gate sweep.
b) Comparison for a +10 V gate sweep.
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4. Summary and Conclusions

Understanding the differing methods and materials that can be used for producing CNT based
electronic components is extremely important. An informed use of materials and architectures
will unleash the potential of CNTFETS for a wide array of future electronic applications.
CNTFET device architecture has been shown to affect the properties of CNTFETS, which
includes the Is max, NOise, and hysteresis. Other properties, such as the metallic or semiconducting
nature of these devices, determined by tube chirality, as well as sub-threshold slope, are not
greatly affected by device architectures (1, 4). We have shown that an appropriate choice of
contact metallization, annealing conditions, and CNT density can all increase Is max. While I min
cannot be similarly controlled due to the mixture of semiconducting and metallic tubes as-grown
or as-deposited, good on/off ratios can be achieved by burning off the metallic tubes. Annealing
and the choice of gate dielectric were found to affect the device noise and the SNR. Hysteresis
was shown to be a property of the CNTFET that can be, for the most part, eliminated with
appropriate device geometry, such as a top-gate architecture that provides environmental
passivation. This will be advantageous for electronic applications, while greater hysteresis due to
environmental exposure may indicate a device architecture that is well suited to chemical sensing
applications. While a single device architecture will not be optimum for all applications, there
are a number of variables that can be tuned to optimize these devices for a given application.
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List of Symbols, Acronyms, and Abbreviations

Al;O4 aluminum oxide

Au gold

BOE buffered oxide etch

CNT carbon nanotube

CNTFET carbon nanotube field-effect transistor
Cr chromium

CvD chemical vapor deposition

DC direct current

HF hydrofluoric acid

SiO, silicon oxide

SNR signal-to-noise ratio

SWCNT single-walled carbon nanotube field-effect transistor
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